Actin filaments constitute one of the main components of cell cytoskeleton. Assembled into bundles in filopodia or in stress fibres, they play a pivotal role in eukaryotes during cell morphogenesis, adhesion and motility. The bundle emergence has been extensively related to specific actin regulators 1-3 in vivo [4] [5] [6] [7] . Such dynamic modulation was also highlighted by biochemical reconstitution of the actin-network assembly, in bulk solution or with biomimetic devices [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, the question of how geometrical boundaries, such as those encountered in cells, affect the dynamic formation of highly ordered actin structures remains poorly studied 14, 19 . Here we demonstrate that the nucleation geometry in itself can be the principal determinant of actin-network architecture. We developed a micropatterning method that enables the spatial control of actin nucleation sites for in vitro assays. Shape, orientation and distance between nucleation regions control filament orientation and length, filament-filament interactions and filopodium-like bundle formation. Modelling of filament growth and interactions demonstrates that basic mechanical and probabilistic laws govern actin assembly in higher-order structures.
networks are formed on the micropattern ( Supplementary Fig. S1 ). Collectively, actin filaments emanating from this dense meshwork self-organize normally to the micropattern edge, except within the narrow region close to the bar end ( Fig. 1c,d ). Although densely organized into a parallel network, these filaments can be further gathered into larger bundles by the addition of cross-linking factors; we therefore refer to them as filaments rather than bundles. We term as bundles the structures unaffected by the subsequent addition of cross-linkers (see Supplementary Fig. S6a and Video S5). We validated that filament growth on the micropattern was sensitive to known biochemical parameters: filament length increased with the concentration of G-actin, and reduced with increasing concentrations of Arp2/3 or capping protein. In addition, these filaments are bundled by α-actinin or fascin (see Supplementary Figs S1 and S6).
We took advantage of the geometrical control of actin growth to investigate the interaction between two sets of actin filaments growing toward each other. We therefore analysed actin growth from individual, concentric or eccentric circles. Twenty-to thirty-micrometre-long actin filaments grew radially inwards and outwards ( Fig. 2a) . Surprisingly, the networks generated by three concentric circles spaced 15 µm apart did not simply superimpose and the centripetal arrangement of parallel bundles disappeared. Instead, the interactions between inward-and outward-growing filaments formed short and thin antiparallel bundles between adjacent circles. Interestingly, actin-filament elongation seemed to be blocked by the presence of the dense actin network formed on the adjacent circles. To verify this, we quantified the local actin-network density by averaging several images taken separately on identical micropatterns (Fig. 2b ). In addition, to understand how actin-filament growth could lead to these actin density profiles, we carried out numerical simulations, where actin filaments were nucleated with a constant linear density along the circle (see Supplementary Fig. S3 and Equations). Filaments grew normally out of the circle and their length was determined by the biochemical conditions. Actin filaments were then allowed or not to cross adjacent nucleation regions (see Supplementary Fig. S3 ), and theoretical density maps were derived from the local density of simulated actin filaments ( Fig. 2b ). Numerical simulations showed that, on concentric circles, filaments did not cross the dense network region lying on their path. Conversely, when the distance between separate nucleation regions was reduced, as in the case of eccentric circles, the density within the inner circle was no longer isotropic. Numerical simulations confirmed that extra filaments enter this innermost region to locally increase fluorescence intensity ( Fig. 2b ). This demonstrates that short, and thus stiff, filaments can grow through the dense network whereas longer and more flexible filaments become entangled and blocked by an adjacent actin network. Consequently, physical constraints in addition to biochemical cues regulate actin-filament length.
To further explore the role of geometrical parameters on actin-filament interactions and their resulting network structure, we forced contacts between filaments at various angles. When nucleated from two short bars, filaments first grew perpendicularly to the bars, then interacted and zipped to form a filopodium-like parallel bundle ( Fig. 3a , see Supplementary Fig. S4 and Video S4), reminiscent of that present in vivo 6 . This interaction forced the filaments to bend, so bundle formation depended on filaments' ability to change their growing direction. We tested this parameter by varying the angle between the two short bars ( Fig. 3b ) and quantified the formation of parallel bundles (Fig. 3c ). For circles. Inward-growing filaments were brought together by the circle curvature and generated parallel bundles. b, Actin-network density maps calculated by overlaying and averaging several images (first column) and from numerical simulations of actin-filament growth (third and fourth columns). The averaged structure was colour-coded (see also Supplementary Fig. S3 ) and nucleation regions are represented in red. We measured the fluorescence ratio of line scans along the innermost circle and the external side of the outermost circle (as a reference) as in the inset image (second column, coloured dashed circles). The second column shows the comparison between the ratios of the experimental density maps (dots) and the ratios of the numerical simulations (lines) where actin filaments can or cannot cross the dense actin network. Scale bars indicate 10 µm.
nucleation bar angles close to 22 • , filaments are associated into short and thin antiparallel bundles. Parallel bundles only started to form above a critical angle between 22 • and 45 • , and averaged image analysis confirmed the existence of an optimal angle to promote the coalescence of numerous filaments into a parallel bundle (Fig. 3d ).
As we had demonstrated that the length and rigidity of filaments modulate their interaction with actin-filament networks, we investigated whether or not a variation in the distance at a given angle between two nucleation regions would affect bundle formation. For this purpose we designed eight-branched radial arrays where the rays were moved in and out from the origin. As expected, filaments grew outward from each ray and formed parallel bundles on the bisecting line between adjacent rays (Fig. 4a,b , and see Supplementary Fig. S4 ). When rays were sufficiently distant, short parallel bundles formed precisely along the bisecting line and maintained this orientation. As the distance between rays decreased, bundles were longer, mis-positioned and curved (Fig. 4b,c) . In all cases, the transition between the assembly of antiparallel bundles in the proximal part of the rays and the assembly of parallel bundles in their distal part occurred at a fairly variable position (Fig. 4d,e ). Consequently, the distance between nucleation sites, in the range tested, was not critical to the generation of the final structure. The position of the transition from antiparallel to parallel bundles could be modelled as the result of intrinsic filament properties and collective assembly (Fig. 4f ). If filaments assembled exclusively into antiparallel bundles in the proximal part of the network, filaments that contact one another would have a probability p to assemble into parallel bundles. This intrinsic probability p depends only on filament orientation and therefore on their position along the ray ( Fig. 1d and see Supplementary Fig. S5 ). If filaments formed a parallel bundle in the proximal network, the encountering filaments are forced to bend and contribute to this parallel bundle. Therefore the probability Q to form a parallel bundle is given by
which gives
where y is a discrete variable characterizing the position along the bisecting axis (see Supplementary Equations) . The transition positions obtained from the probability function Q precisely matched experimental data (Fig. 4g) . As a transition point generates a parallel bundle made of all distal filaments, we calculated the bundle size and fluorescent intensity associated with each transition point (see Supplementary Equations) . Our model accurately accounted for both the increase of fluorescence due to filament assembly into the bundle and the reduction of fluorescence due to various filament lengths within the bundle (Fig. 4h) . These geometrically mediated bundles still occur in presence of two distinct actin cross-linkers in a concentration-dependent manner (see Supplementary Fig. S6 and Video S5). This confirms that bundle emergence is tightly controlled by mechanical properties of the actin filament 24 . Our reconstitution of the filopodium-like bundles relies on the spontaneous formation of a precursor structure formed by the collapse and the further coalescence of actin filaments emanating from the dense actin network, to which adjacent elongating filaments will systematically converge (see Supplementary Video S4). Interestingly, this propagative coalescence of actin filaments initiated by a precursor, such as the -precursors corresponding to the splayed filopodial roots observed in vivo 6 , accounts for the emergence of the parallel bundles from the dense surrounding network in cells. Moreover, this propagative process explains the presence of short actin filaments within bundles 25 , consistent with the high barbedend capping activity present at the leading edge of lamellipodia 26 .
Our innovative methodology has demonstrated that, independently of the mixture of actin-binding proteins, nucleation geometry plays a key role in the determination of the actin-filament network architecture. Respective positioning of adjacent nucleation zones results in the entanglement of actin filaments into networks and the control of their length. Actin-filament orientation determines their ability to interact with neighbours and to form bundles. Fundamentally, basic mechanical and probabilistic laws govern the spatial arrangements of antiparallel and filopodium-like parallel filaments in response to defined geometrical boundary conditions. By extension to living cells, this work emphasizes the importance of the spatial and temporal organization of the nucleation areas, giving rise to specific actin-network architectures and hence controlling the location of force production. Although the spatio-temporal regulation of actin growth is known to influence cell shape 27, 28 , our work has revealed, in quantitative terms, that reciprocally physical boundaries, within or around the cell, control actin cytoskeleton architectures.
Methods
Micropatterning. Glass coverslips were oxidized with oxygen plasma (10 s, 30 W, Harrick Plasma, Ithaca, NY) and incubated with 0.1 mg ml −1 of polylysine-l-g -polyethyleneglycol (JenKem Technology, TX) in HEPES 10 mM at pH 7.4 for 1 h. Pegylated coverslips were placed on a chromium synthetic-quartz photomask (Toppan Photomasks, Corbeil, France) using a home-made vacuum holder. The chromium layer of the photomask contained 3-µm-wide transparent micropatterns. The mask-covered coverslips were then exposed to deep ultraviolet light (l < 200 nm, UVO Cleaner, Jelight Company, Irvine, CA) for 5 min and coated with a solution of the nucleation promoting factor pWA at 0.5 µM for 15 min.
Actin polymerization. Protein mixtures were diluted in freshly prepared fluorescence buffer containing 10 mM imidazole-HCl (pH 7.8), 50 mM KCl, 1 mM MgCl 2 , 100 mM dithiothreitol, 3 mg ml −1 glucose, 20 µg ml −1 catalase, 100 mg ml −1 glucose oxidase and 0.5% methylcellulose to induce actin polymerization. Actin polymerization was induced in a solution containing 2 µM actin monomers (7% labelled with Alexa568) and 6 µM profilin, and 30 nM Arp2/3 complex.
Image acquisition. Images were taken using an upright BX61 Olympus microscope equipped with a ×40 dry objective (UPLFLN, NA = 0.75), an XY motorized stage (Marzhauser, Germany) and a CoolSnap HQ2 camera (Roper Scientific, Germany). The microscope and devices were driven by MetaMorph (Molecular Devices, Downington, PA).
Image treatment. All images were taken using the same light intensity and exposure time. However, before being overlaid and averaged, image grey scales were adjusted to have the same minimum and maximum grey values. The images shown were filtered using the 'unsharp mask' and the 'Gaussian blur' filters from Image J software to highlight filaments from the background.
